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Abstract —Protein encapsulated gold nanocluster (P-
AUNC) synthesis was first demonstrated in 2009.[1]
Initially these P-AuNCs were used as cellular imaging
agents as the protein shell surrounding the AuNC
made them highly biocompatible. However, recent
studies have begun to show that these stabilizing
proteins may also retain native biological function thus
giving a dual functionality to these hybrid molecules.
Here we present the synthesis of DNase 1 stabilized
gold nanoclusters (DNase 1:AuNCs) with core sizes
consisting either 8 or 25 atoms. The DNase 1:AugNCs
exhibit blue fluorescence whereas the DNase
1:AuxNCs are red emitting. Moreover, in addition to
the intense fluorescence emission; the synthesized
DNase 1:AuNC hybrid retain the native functionality
of the protein, allowing simultaneous detection and
digestion of DNA with a detection limit of 2 pg/mL
(Scheme 1). The DNase 1: AuNCs could be conveniently
employed as efficient and fast sensors to augment the
current inefficient and time consuming DNA

contamination analysis techniques.

Scheme 1. Schematic of the formation of DNase 1:AuNCs
and the DNA mediated quenching of NC fluorescence.

l. INTRODUCTION

Fluorescent noble metal nanoclusters possess great
promise in the field of biosensing, biodetection and
biomedicine.[2, 3] Nanoclusters are small clusters of
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Figure 1. Comparison of the molecular-like discrete
transitions exhibited by AuNCs to the plasmonic transitions
of AuNPs.

metal atoms with a diameter of less than 2 nm.[3] This
diameter approaches the Fermi wavelength of electrons
and therefore the clusters demonstrate molecular-like
transitions between their HOMO and LUMO energy
levels as opposed to the plasmonic transitions exhibited
by nanoparticles (Figure 1). [4, 5]

Due to these unique energy transitions, nanoclusters are
photoluminescent and the maximum fluorescent
emission wavelength is dictated by the size of the
cluster.[6] As a result, these discrete energy levels allow
for tuneable photonic emission in the visible and IR
regions, highly efficient two-photon absorption, and
guantum yields comparable to semiconductor QDs. [3, 4,
7] The unique properties of noble metal nanoclusters
make them attractive for a numerous applications in a
variety of research fields ranging from biologics to
optics and photovoltaics.[3, 8-16] Protein mediated
nanoclusters have been prepared with several proteins
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including BSA, apo-transferrin, pepsin, lysozyme,
insulin, CRABP, DNase 1 and others.[1, 8, 17-22]
Protein encapsulated nanoclusters possess many
desirable traits such as green synthesis routes, stability,
and very high levels of biocompatibility.[3, 12, 23]
Recently, some P-NCs such as human apo-
transferrin,[19] insulin[20] and horseradish
peroxidase[24] have been shown to retain native
function, thus offering a multifunctional bionano hybrid
system capable of simultaneous visualization and
quantification of virtually any targeted biological
process.

Here, we present the synthesis and sensing
application of DNase 1 stabilized AuUNCs. The
nanoclusters consist of either 8 or 25 atoms and exhibit
intense blue (Aug) or red (Auys) fluorescence emission,
long term stability, and resistance to photobleaching.
Moreover, we show that the DNase 1:AuNC hybrid
retains the native functionality of DNase 1.

1. EXPERIMENTAL

Synthesis of DNase 1 stabilized AuNCs. DNase 1 from
bovine pancreas (Sigma-Aldrich) was resuspended in Milli
Q water at a concentration of 20 mg/mL. 2 mL of aqueous
solution of HAuCI, (20, 10, 5 or 1 mM) was added to 2
mL of protein solution under vigorous stirring at 37° C.
After 5 minutes 200 uL of NaOH (1 M) was added to raise
the pH to ~ 12 for the 1, 5, and 10 mM HAuUCI4 samples
whereas 400 pL of NaOH (1M) was required. The various
protein/gold mixtures were then left to react for 12 hours.
The solution changed in color from light yellow to various
shades of deeper yellow/gold over the course of the
reaction. A parallel experiment was set up with 20 mg/mL
protein alone as a control. This solution was initially clear
and remained so throughout the course of the incubation.

Photophysical measurements. UV-Visible measurements
were taken with a Nanodrop 2000c over a wavelength
range of 200 to 800 nm. The fluorescence emission spectra
were collected with a Horiba Jobin Yvon FluoroLog-3
spectrofluorometer with maximum excitation wavelengths
of 365, 395, 450 and 488 nm. The emission spectrum was
measured from 400-700 nm. The fluorescence excitation
spectra were obtained through the measurement of two
different maximum emission wavelengths, namely 460
and 640 nm.

X-Ray photoelectron spectroscopy (XPS). Near-surface
compositional depth profiling of the as-deposited coatings
was performed using the Kratos Axis Ultra X-ray
photoelectron spectroscopy system, equipped with a
hemispherical analyzer. A 100 W monochromatic Al Ka
(1486.7 eV) beam irradiated a 1 mm x 0.5 mm sampling
area with a take-off angle of 90°. The base pressure in the

XPS chamber was held between 10 and 107" Torr.
Elemental high resolution scans for Auy core level were
taken in the constant analyzer energy mode with 160 eV
pass energy. The sp® Cy, peak was used as reference for
binding energy calibration.

Transmission electron microscopy (TEM).
Morphological studies and elemental characterization of
the materials were performed using a field emission TEM
(JEOL JEM-2100F TEM/STEM) operated at 200 kV. The
TEM system was equipped with an energy dispersive
spectroscopy system (INCA 250, Oxford Instruments) and
imaging filter (Gatan). Microscopy samples were
prepared for analysis through the following steps: (i) bulk
material ground up using a mortar and pestle, (ii) particles
dispersed in deionized water and bath sonicated for 15
min, (iii) solution pipetted onto TEM grids (ultrathin
carbon film on holey carbon support film, 300 mesh, Ted
Pella, Inc.), followed by removal of excess solution using
a filter paper, (iv) samples allowed to dry in air at room
temperature for 2 hr.

DNase 1 activity assay. All DNase 1 activity assays were
completed in triplicate. A 1 kb dsDNA ladder with sizes
ranging from 10 to 0.5 kb (New England Biolabs) was
used as a substrate for cleavage by the
endodeoxyribonuclease, DNase 1. Enzyme activity assays
for both native DNase 1 and DNase 1: AuNCs were
carried out in a final volume of 20 uL buffer (100 mM
sodium acetate, 6.25 mM magnesium sulfate pH 5.0),
containing 2 pug of dsSDNA. The reaction was incubated at
room temperature for 20 minutes followed by the addition
of 2 units of the control enzyme and 4 units of the various
DNase 1:AuNC synthesis reactions. This reaction was
further incubated for 30 minutes at 37 °C and deactivated
at 99 °C for 1 minute. DNA degradation was analyzed by 2
% agarose gel electrophoresis. To determine the effect of
DNA digestion on DNase 1:AuNC fluorescence, NC
fluorescence was monitored during DNA addition. In a
typical experiment, 300 mL of 20 mg/mL DNase 1:AuNCs
in water was added to a 0.5 cm PL Spectrosil far-UV
quartz window fluorescence cuvette (Starna Cells). The
fluorescence spectrum of the NCs alone was

obtained with an excitation wavelength of 390 nm (10, 5
and 0.5 mM Au(lIl)) or 490 nm (2.5 mM Au(lll)). DNA
from calf thymus (Sigma Aldrich) was titrated and the
change in fluorescence measured. The decrease in
fluorescence at the max emission wavelength was plotted
and fitted with a linear regression line.
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Figure 2. Physical characterization of DNase 1:AuNCs. (A) Visible (top) and UV (bottom) illumination of DNase AuNCs (From left to
right: 10, 5, 2.5, 0.5 and 0 mM Au(lll) added). (B) XPS data for DNase 1:Au,sNCs. Au 4f spectra were fitted and confirm the presence
of two distinct doublet Au 4f7/2 peaks at 84 eV and the other at 85.2 eV, corresponding to Au (0) and Au (I) respectively. (C) TEM

images of DNase 1:AugNCs (Top) and DNase 1:AuysNCs (Bottom).

Ill.  RESULTS AND CONCLUSIONS

DNase 1 stabilized AuNCs with intense blue or red emission
with 10 mM and 2.5 mM HAUCI, respectively (Figure 2A).
The other two reactions produced non-optimized slightly
fluorescent products. The blue emitting clusters exhibit a
max emission wavelength of 460 nm and a max excitation
wavelength of 395 nm. According to the study presented by
Kawasaki et al[18] and Chen and Tseng [25], a peak
emission wavelength of 460 nm is consistent with gold
clusters comprised of 8 atoms. The Red emitting clusters
exhibit peak fluorescence at 640 nm with a max excitation
wavelength of 490 nm which compares well with previously
reported P-Au,sNCs. The predicted cluster sizes of 8 and 25
atoms were also confirmed with TEM (Figure 2C).

In addition to TEM; XPS was performed to determine the
ratio of Au(l) ions the form the shell of the clusters and
Au(0) that forms the core of the cluster. The ratio of Au(l) to
Au(0) should decrease as the cluster core size increases (i.e.

from Aug to Au,s).[18, 25] For example, lysozyme Aug
clusters are completely comprised of elemental gold (Au(0))
with no Au(l) present on the surface.[25] As such, the DNase
1:AusNCs should have a higher percentage of oxidized
metal than the DNase 1:AugNCs. As shown in Figure 3B, the
DNase 1:Au,sNC XPS spectra of Au 4f spectra were fitted
and confirm the presence of two distinct doublet Au 4f7/2
peaks at 84 eV and the other at 85.2 eV, corresponding to Au
(0) and Au (I) respectively and show a higher percentage of
Au(l) than elemental metal as expected (Figure 2B).
However, we were unable to successfully acquire XPS
spectra of DNase 1:AugNCs. It is possible that the XPS
instrument we were using was unable to resolve the small
clusters or that the sample degraded upon X-Ray exposure.
The blue and red emitting DNase 1:AuNCs were then
tested for enzymatic activity. DNase 1 is an endo-
deoxyribonuclease that is responsible for the degradation
(cleavage) of double stranded DNA (dsDNA) to a smallest
unit of 4 base pair segments. DNase 1:AuNCs activity was



Figure 3. DNase 1 activity assay. Lane 1: blank reaction

with dsDNA marker alone. Lane 2: control reaction with
stock DNase 1. Lanes 3 and 4: Test reaction with the DNase
1 stabilized Aug and Auy clusters. All of the DNase
1:AuNC synthesis products are able to degrade dsDNA.
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assayed with two different methods: gel visualization and
fluorescence monitoring. The gel visualization approach
allows for comparison DNase 1:AuUNC enzymatic activities
to the native enzyme. DNase 1:AugNCs and DNase
1:Au,sNCs were incubated with a standard 1 kb dsDNA

ladder and the reaction products were analyzed on an agarose
gel. As a control, the dSDNA was also inccubated with the
pure enzyme (DNase 1). Figure 3 shows the results of the
agarose gel electrophoresis. As is clear from the gel-
electrophoresis columns, both of the DNase 1 stabilized gold
nanoclusters were able to degrade the dsDNA template
(Figure 3, lanes 3-4). Neither of the DNase 1:AuNCs is able
to degrade dsDNA to the degree of the control (pristine)
enzyme (lane 2), as seen from the slight DNA smearing for
the AuNC enzyme compared to no smearing for the enzyme
alone. It is also interesting to note that each of the DNase
1:AuNC complex, regardless of the size of the Au clusters
(Aug or Auys) sppears to degrade dsDNA to the same degree.
This is somewhat surprising, since one can expect that the
smaller cluster (Aug), with less propensity to induce
structural changes in the stabilizing enzyme would allow a
higher degree of enzymatic activity than the larger (Auys)
clusters. However, our results clearly demonstrate that, at
least between the Aug and Au,s clusters there is no real
difference in the enzymatic activity of the stabilizing
protein.
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Figure 4. Left panel: Fluorescent responses of DNase 1:AugNCs (Top) and DNase:Au,sNCs (Bottom) after the addition of DNA
(2 - 260 ng/ml). Right panel: Plot of the fluorescence decrease at 460 or 640 nm for the Aug and Aujs clusters, respectively.



We next sought to examine the effect of the biocatalytic
activity of the enzyme on the fluorescence characteristics of
the synthesized NCs and to determine if the detectable limit
varied between the different synthesis products.

For practical detection of dSDNA, the digestion of dSDNA
by DNAse 1:AuNCs must produce a quantifiable change in
fluorescence. Such a change in fluorescence following
substrate addition has previously been demonstrated with
horseradish peroxidase stabilized AUNCs, wherein a linear
decrease in NC fluorescence was observed upon titration of
the substrate, hydrogen peroxide.[24] Surprisingly, we were
unable to observe a difference in the detection limit between
the DNase 1 stabilized Aug clusters and the Au,s clusters,
both clusters show a marked decrease in fluorescence upon
the addition of 2 ng/uL of DNA (Figure 4). The subsequent
addition of DNA results in further quenching of NC
fluorescence in a linear fashion. As DNA can also serve as a
biomolecular host for AUNC synthesis, a control experiment
was conducted wherein 300 ng/uL (150 ug total) of DNA
was added to a solution of BSA:Au,sNCs and no
fluorescence quenching was observed for the BSA:Au,sNCs
upon the addition of DNA (Figure 5). Clearly, the DNA
mediated quenching of DNase 1:AuNC fluorescence was
indeed caused by substrate/enzyme interaction between
DNA and DNase 1.

In summary, we have been able to create a multifunctional
bio-nano hybrid system. Utilizing the reducing and metal
stabilizing properties of proteins for metal nanoclusters, we
were able to synthesize blue (Aug) and red (Au,s) emitting
DNase 1 :AuNCs in addition to DNase 1 stabilized AuNCs
containing mixed populations of both Aug and Aujs clusters in
a concentration dependant fashion. All of the DNase 1:AuNC
synthesis products retain the endodeoxyribonuclease activity
of the native enzyme and are able to detect a lower limit of
2 ng/mL of DNA . This limit of detection (LOD) is relevant
to real world applications in RNA analysis since the DNA
contamination in such samples can be up to 10 pg/ml, which
is fivefold higher than our LOD. The synthesized DNase 1:
NCs could be potentially used for simultaneous detection and
digestion of contaminating DNA in RNA isolation process.
[26-29]
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